There is increasing interest in discovering mechanisms that mediate the effects of childhood stress on late-life disease morbidity and mortality. Previous studies have suggested one potential mechanism linking stress to cellular aging, disease and mortality in humans: telomere erosion. We examined telomere erosion in relation to children's exposure to violence, a salient early-life stressor, which has known long-term consequences for well-being and is a major public-health and social-welfare problem. In the first prospective-longitudinal study with repeated telomere measurements in children while they experienced stress, we tested the hypothesis that childhood violence exposure would accelerate telomere erosion from age 5 to age 10 years. Violence was assessed as exposure to maternal domestic violence, frequent bullying victimization and physical maltreatment by an adult. Participants were 236 children (49% females; 42% with one or more violence exposures) recruited from the Environmental-Risk Longitudinal Twin Study, a nationally representative 1994 --1995 birth cohort. Each child's mean relative telomere length was measured simultaneously in baseline and follow-up DNA samples, using the quantitative PCR method for T/S ratio (the ratio of telomere repeat copy numbers to single-copy gene numbers). Compared with their counterparts, the children who experienced two or more kinds of violence exposure showed significantly more telomere erosion between age-5 baseline and age-10 follow-up measurements, even after adjusting for sex, socioeconomic status and body mass index (B ¼ À0.052, s.e. ¼ 0.021, P ¼ 0.015). This finding provides support for a mechanism linking cumulative childhood stress to telomere maintenance, observed already at a young age, with potential impact for life-long health.
INTRODUCTION
Childhood stress is associated with later-life physical and mentalhealth problems. 1 --5 Interest in the etiological pathways that mediate the effect of early-life stress on physical and mental health has focused on key biological systems, including the sympathetic --nervous system, hypothalamus --pituitary --adrenal axis, immune system and the epigenome, leading to important insights about the systemic effects of stress. 6 --8 But the questions of how and when childhood stress gets 'under the skin' at the cellular level, specifically in humans, remain to be answered.
In the past decade, the length of telomeres, the repetitive TTAGGG sequence at the end of linear chromosomes, has emerged as a promising new biomarker of stress. 9 In the 1960s, it was discovered that fibroblast cells have a built-in mechanism that limits their replicative capacity, later named the 'Hayflick limit'. 10 In the 1970s, it was suggested that telomeres are lost with each replication until a certain (Hayflick) limit, at which point the cell arrests and enters a state of senescence. 11 Subsequent research confirmed that telomeres indeed get shorter with each division and established the utility of telomeres as a molecular clock for cellular replicative aging. 12, 13 The advent of high-throughput laboratory techniques for measuring telomere length (TL) has opened the gate to new studies linking TL with a broad range of risk factors that predict disease morbidity, including smoking, 14 obesity, 14 --16 psychiatric disorders 17, 18 and psychosocial stress. 19, 20 It has thus been suggested that TL is a marker for biological aging ('wear and tear'), rather than a clock for chronological aging.
Six recent studies have examined the possible association between childhood stress and TL. Four of these reported that adult cases who retrospectively recalled childhood adversity had shorter TL, as compared with adult controls. 20 --23 One study failed to replicate this association. 24 In the only study of children, institutional care was associated with shorter TL in middle childhood. 25 Although these studies advance understanding of the link between childhood stress and TL, their reliance on retrospective assessments of stress and cross-sectional designs raises important questions. Interpretation of findings from cross-sectional studies of TL is ambiguous in light of recent longitudinal analyses of repeated TL measurements. Longitudinal studies show that TL is highly variable across different age groups; that there is an inverse correlation between baseline TL and subsequent telomere erosion; and that, in some individuals, telomeres can lengthen over time. 26 --32 These recent findings indicate that the temporal process of telomere erosion is more complex than initially assumed, and that repeated measures (not just length at one time point) are needed to measure true telomere erosion in individuals who are experiencing stress.
Here, we used a longitudinal design to test the effects of violence exposure during childhood on telomere erosion in a cohort of young children. We assessed childhood adversity prospectively and measured TL at two time-points, at age-5 years and again at age-10 years. We assessed domestic violence, frequent bullying victimization and physical maltreatment. Based on evidence that the effects of stress are cumulative, 33 we hypothesized that cumulative exposure to violence will be associated with accelerated TL erosion, already at a young age.
PARTICIPANTS AND METHODS Participants
Participants were members of the Environmental-Risk (E-Risk) Study, which tracks the development of a birth cohort of 2232 British children. The sample was drawn from a larger birth register of twins born in England and Wales in 1994 --1995. 34 Full details about the sample are reported elsewhere. 35 Briefly, the E-Risk sample was constructed in 1999 --2000, when 1116 families with same-sex 5-year-old twins (93% of those eligible) participated in home-visit assessments. Families were recruited to represent the UK population of families with newborns in the 1990s, based on (a) residential location throughout England and Wales and (b) mother's age (that is, older mothers having twins via assisted reproduction were underselected and teenage mothers with twins were over-selected). We used this sampling (a) to replace high-risk families who were selectively lost to the register via nonresponse and (b) to ensure sufficient numbers of children growing up in high-risk environments. Home visits were conducted when the children were aged 5, 7, 10 and, most recently, 12 years (96% participation). DNA samples were collected via buccal swabs at ages 5 and 10 years. The Joint South London and Maudsley and the Institute of Psychiatry NHS Ethics Committee (UK) approved each phase of the study.
As costs of measuring TL in all cohort children nationwide exceeded study resources, a subsample of 118 Caucasian families (236 children) was used for this study, comprising families who: (a) lived proximal to London (the city of our research lab), (b) had MZ twins, and (c) had violence exposure in one or both twins or (d) were lacking any violence exposure but matched on socioeconomic status and child sex. 36, 37 The subsample is compared with the original cohort on Table 1 .
Measurement of mean relative TL DNA was extracted using standard procedures. 38 --40 Age-5 and age-10 DNA were stored at À80 1C until assayed, to prevent degradation of the samples. All DNA samples were assayed for TL at the same time, independently of caseness and all operations were carried out by a laboratory technician blind to violence exposure. TL was measured using a validated quantitative-PCR method, 41 which determines mean TL across all chromosomes for all cells sampled (Supplementary Information). Briefly, the method involves two quantitative PCR reactions for each subject; one for a single-copy gene (S) and the other in the telomeric repeat region (T). Given each of these reactions is compared with a standard reference sample before the (T)/(S) ratio is calculated, the ratio will equal 1 when the experimental sample is identical to the reference sample. All DNA samples were run in triplicate for telomere and single-copy reactions at both age-5 and age-10, that is, 12 reactions per study subject.
Relative quantities of samples for each of the reactions were calculated as follows: first, reaction efficiencies (E) were calculated from the standard curve slope using E ¼ 10 (1/Àslope) , where at 100% efficiency E ¼ 2. Next, relative quantities (RQs) were calculated using RQ ¼ E DCt where DCt is the difference between the average triplicate Ct value of the within-plate mean Ct, and the Ct value of the individual sample. Sample RQ values were calculated for each reaction separately (T and S). Finally, the TL relative to the amount of single-copy transcript was calculated using the ratio RQ(T)/RQ(S). The coefficient of variation (CV) for the triplicate samples was 0.97% for the telomere (T) reaction and 0.49% for the single-copy gene (S) reaction, indicating low measurement error.
Exposure to violence
We assessed three kinds of violence experiences between ages 5 and 10 years: exposure to domestic violence between the mother and her partner, frequent bullying victimization and physical maltreatment by an adult. We interviewed mothers (or the primary caregiver) about each exposure when the children were 5, 7 and 10 years of age and compiled a cumulative record of each child's exposure to violence. We have previously reported evidence on reliability and validity in this research for the measures of domestic violence, 42 bullying victimization 43, 44 and physical maltreatment by an adult.
--47
Domestic violence was assessed with the Conflict Tactics Scale, 48 inquiring about 12 acts of physical violence (for example, kicking a partner, threatening a partner with a knife). The physical violence acts reported at three ages were summed and children who grew up in families who scored in the top 10% of the distribution of partner violence were coded as exposed to domestic violence. Of the children studied here, 17.0% (N ¼ 40) were exposed to domestic violence.
Bullying victimization was assessed by explaining to mothers that 'someone is being bullied when another child (1) says mean and hurtful things, makes fun, or calls a person mean and hurtful names; (2) completely ignores or excludes someone from their group of friends or leaves them out of things on purpose; (3) hits, kicks, or shoves a person, or locks them in a room; (4) tells lies or spreads rumors about them; or (5) Childhood stress and telomere erosion I Shalev et al does other hurtful things like these. We call it bullying when these things happen often and it is difficult for the person being bullied to stop it happening. We do not call it bullying when it is done in a friendly or playful way.' Narratives recorded by interviewers were later checked by an independent rater to verify that the events described were instances of bullying, operationally defined as evidence of repeated harmful actions between children where there was a power differential between the bully and the victim. 43, 44 Of the children studied here, 24.2% (N ¼ 57) were frequently bullied.
Physical maltreatment by an adult was assessed using a standardized clinical interview protocol 49 designed to enhance mothers' comfort with reporting valid child maltreatment information, while also meeting researchers' responsibilities for referral under the UK Children Act. No family has left the study following intervention. When mothers reported any maltreatment, interviewers followed with standardized probes (for example, accidental harm was ruled out, and sexual abuse was queried directly and was included in the measure). Over the years of data collection, the study maintained a cumulative dossier for each child, comprising recorded debriefings with interviewers who had coded any indication of maltreatment at any of the three successive home visits, recorded narratives of the three successive caregiver interviews and information from clinicians whenever the study made a referral. Based on review of each child's cumulative dossier, two clinical psychologists (TEM and the project coordinator) reached consensus for whether physical maltreatment had occurred. Examples of maltreatment in E-risk children included: the mother smacked the child weekly leaving marks or bruises; child was repeatedly beaten by a young adult step-sibling; child was routinely smacked by father when drunk 'just to humiliate him'; child was fondled sexually and often slapped by the mothers' boyfriend. Many, but not all cases identified in the course of our research were under investigation by police or social services, already on the child-protection register, or in foster care at follow-up, having been removed from their parents because of abuse. Of the children studied here, 26.7% (N ¼ 63) were maltreated by an adult.
Finally, we summed each type of violence exposure to create an index of cumulative violence exposure: 54.2% (N ¼ 128) of the children were not violence exposed, 29.2% (N ¼ 69) were exposed to one type of violence (domestic violence, N ¼ 14; bullying victimization, N ¼ 28; physical maltreatment, N ¼ 27), and 16.5% (N ¼ 39) were exposed to two or more types of violence (domestic violence, N ¼ 26; bullying victimization, N ¼ 29; physical maltreatment, N ¼ 36). Table 1 summarizes information about the characteristics of the sample and about groups of children who were victimized.
Covariates
Socioeconomic deprivation was constructed from a standardized composite of household income, parents' highest education and parents' highest occupational grade. Deprivation was defined as the lowest tertile of the distribution in the entire cohort.
Body mass index was constructed from parents' reports of children's height and weight, and computed as weight (kg)/height (m 2 ). Children's health: Mothers reported about their children's health, on a four-point scale (0 ¼ poor; 3 ¼ very good); 8.9% (N ¼ 21) of the children were rated as 0 or 1. In addition, we collected information from mothers about each child's asthma, using an event history calendar for recording children's history of chronic health conditions; 12.3% (N ¼ 29) of the children were asthmatic.
Statistics
We tested the main hypothesis that violence exposure would be associated with telomere erosion between ages 5 and 10 years using ordinary least squares multiple regression analysis. The outcome variable was age-10 TL, controlling for baseline TL at age-5 years and sex, socioeconomic deprivation and body mass index at age-10 years as covariates. As each study family contains two children, all statistical analyses were corrected conservatively for the non-independence of the two twin observations per family, by using tests based on the sandwich or Huber/White variance estimator 50 in SAS version 9.2 (SAS Institute, Cary, NC, USA).
RESULTS
Descriptive statistics about TL during childhood TL at age-5 years was significantly and positively correlated with TL at age-10 years (r ¼ 0.57, Po0.001; Figure 1 ). Despite this significant rank-order stability, there was also significant change. There was a significant decline in mean TL from age-5 to age-10 for the whole sample (General Linear Model repeated measures: F(353,1) ¼ 18.49, Po0.001). The average baseline TL at age-5 was 1.08 T/S (s.d. ¼ 0.44), and ranged from 0.02 to 3.07 T/S. Follow-up TL at age-10 averaged 0.96 T/S (s.d. ¼ 0.28) and ranged from 0.06 to 1.71 T/S. These means are similar to those reported by the two other studies of TL in children. 25, 51 Does exposure to violence accelerate telomere erosion? We tested our main hypothesis that cumulative violence exposure was associated with TL change during childhood. Children who experienced two or more types of violence exposure showed significantly accelerated TL erosion from baseline to follow-up measurement compared with children who had one type of violence exposure or who were not exposed to violence (B ¼ À0.052, s.e. ¼ 0.021, P ¼ 0.015) (Figure 2 ). This association remained significant when we added controls for poor health and asthma to the analysis (B ¼ À0.047, s.e. ¼ 0.021, P ¼ 0.028).
We also tested the association between TL erosion and each violence exposure separately (Table 1) . Consistent with the analysis of cumulative stress, the individual violence exposures all predicted more rapid telomere erosion, but this acceleration was statistically significant only in the case of exposure to physical maltreatment (for domestic violence, B ¼ À0.056, s.e. ¼ 0.043, P ¼ 0.196; for bullying victimization, B ¼ À0.037, s.e. ¼ 0.037 P ¼ 0.311; for physical maltreatment, B ¼ À0.084, s.e. ¼ 0.035, P ¼ 0.018). In a supplementary analysis, we compared nonexposed children (N ¼ 128), children exposed only to physical maltreatment (N ¼ 27), and children with two or more exposures (including physical maltreatment and another violence exposure, N ¼ 36). The results showed that cumulative violence exposure was associated with TL change in childhood (B ¼ À0.056, s.e. ¼ 0.024, P ¼ 0.020), implicating cumulative exposure rather than physical maltreatment alone. Telomere lengthening? Consistent with previous repeated-measures longitudinal studies, 26 --31 we observed telomere lengthening in a minority of children (Table 1 ). In addition, consistent with previous repeatedmeasures studies, 26, 28, 31 shorter TL at baseline predicted more lengthening from age-5 to age-10 years ( Figure 3 , r ¼ À0.77, Po0.001). Given uncertainty about the interpretation of telomere lengthening, 29, 50 and the possibility that different mechanisms are likely to govern telomere shortening versus lengthening, we retested our main hypothesis of association between cumulative violence exposure and TL in individuals whose telomeres did not lengthen during the follow-up period. Following previous research, 29 we defined lengthened telomeres as 415% increase in TL between measurements (16.9% of the sample). After excluding these children from the analysis, cumulative violence exposure remained significantly associated with accelerated telomere erosion at the same effect size (B ¼ À0.057, s.e. ¼ 0.024, P ¼ 0.019).
DISCUSSION
This study shows for the first time that cumulative violence exposure is associated with accelerated TL erosion in children, from baseline to follow-up, for children who experienced violence at a young age. Adjusting for sex, socioeconomic deprivation and body mass index, as well as children's health, children who were exposed to multiple forms of violence had the fastest TL erosion rate.
The methodological strengths of this study include a longitudinal design with reliable and valid prospective assessments of multiple violence exposures during childhood and repeated measurements of TL during this same developmental period. Previous studies that have documented the association between childhood stress and TL have relied on adult measures of TL and retrospective recall of stress years after the stress was experienced. 20 --23 In cross-sectional studies with a single measurement point for TL, it has not been possible to assess the association between stress exposure and change in TL over time. Moreover, given the elapsed time between the putative stress exposure and the measurement of TL, it has not been clear whether telomeres began eroding during stress exposure or whether erosion occurred years later, possibly promoted by the sequelae of childhood stress or other intervening variables. For example, given that maltreated children often grow up to be in poor physical health as adults 52, 53 telomere erosion could be a consequence of later health problems, as opposed to a proximal effect of maltreatment itself. This study provides evidence that childhood stress is related to telomere erosion over time, and while children are experiencing stress. The results of this study underscore some of the complexities involved in research on psychosocial stress and telomere erosion. First, although each kind of violence exposure was associated with telomere erosion in the predicted direction, the most significant effect was observed between multiple violence exposures and telomere erosion. These findings are consistent with theory that the effect of stress is seen most clearly when stress is measured in a cumulative way. 8, 33 As more studies accumulate, it will be possible to interrogate the specific features of a stressor that matter most in relation to telomere erosion (for example, duration, severity, physical harm, perceived threat). Second, some of the complexities revealed in recent reports using repeated measurements of TL were confirmed here, including that in some individuals telomeres can lengthen. 26 --31 Interestingly, most 'lengtheners' in our and others' studies have shorter TL at baseline. 26, 28, 31 Observed lengthening could result from (a) measurement error, (b) regression to the mean, (c) differences in cells sampled at different ages (even if the tissue that is sampled is held constant, as in our study) or (d) meaningful telomere dynamics involving telomerase activity or alternative lengthening of telomeres in cells that lack telomerase activity. 54, 55 As TL can predict health outcomes, the mechanisms that regulate TL are of great interest and demand more investigation.
The results of this study raise the question of what biological processes explain the association between psychosocial stress and telomere erosion. Most of the insights about mechanisms associated with telomere erosion originate from research on oxidative stress and inflammation, indicating both as important influences on TL. 56 --59 Telomeres are sensitive to damage by oxidative stress, as demonstrated by experiments showing increased erosion under conditions of high reactive oxygen species in vitro. 56 Inflammation is associated with increased proliferation of immune cells and, as a consequence, with more telomere erosion. 60 Childhood maltreatment predicts elevated inflammation, 61 suggesting a possible cause for the increased telomere erosion observed in this study. A study of Alzheimer's disease patients' caregivers demonstrated association between TL and altered T-cell function, as well as immune markers. 62 Research is needed to test whether effects of psychosocial stress on telomere erosion are mediated by oxidative stress and immunesystem changes in children. This study has several limitations. First, there are tradeoffs regarding the best ways to measure TL. The two main methods are southern blot analysis of the terminal restriction fragments 63 and quantitative reverse transcriptase-PCR to measure the ratio between a single-copy gene and telomeric repeat region (T/S ratio). 41 The T/S ratio was used in this study. Its principal advantage is that it can be performed at high-throughput and low-cost. However, the T/S ratio can suffer measurement error; prior studies denote a CV range between 0.9 and 28%. In this study, we observed low measurement error; CV was o1% in all assays. Moreover, measurement errors should primarily affect assays among individuals with a slower rate of telomere erosion, 26 --28 whereas slower erosion is more common in adults than children. 32 A second limitation concerns the measurement of TL in different tissues. 64 As a result of ethical difficulties obtaining blood from children in the community, this study and two others of children have used buccal cells, 25, 51 instead of the peripheral blood cells more commonly used in studies of adults. Buccal swabs may not only yield buccal cells, and it is possible that infiltration of immune cells because of poor oral hygiene or infection could alter oral cell composition, which has different telomere dynamics than buccal cells. Positive correlations have been reported between TL from buccal cells and TL from blood. 65 In addition, buccal cell TL has been associated with age-related disease, 66 although one report showed no significant correlation between TL from buccal cells and white blood cells. 67 Our and others' studies suggest that estimating TL from buccal cells can detect effects of stress, although validation in larger studies that measure TL from multiple tissues is needed.
Third, our sample comprised MZ twins. However, to our knowledge there is no evidence that MZ twins react differently to violence or have different TL dynamics than singletons. Unfortunately, we were unable to compare TL in twin siblings discordant for violence exposure, as there were too few discordant pairs for adequate statistical power. We intend to attempt a discordant twin comparison in our larger cohort in the future. Fourth, our first TL measure was taken at age-5 years, but some mothers reported their children experienced violence before age-5 as well as after. Figure 2 hints at this possibility by showing that children with violence exposure already had shorter TL at age-5 than children without violence exposure. Nevertheless, children with multiple violence exposures showed subsequent accelerated erosion between ages 5 to 10 years.
In conclusion, our findings provide evidence that stress-related accelerated telomere erosion can be observed already in childhood. This suggests the importance of integrating telomeres as stress markers in research to evaluate the effects of maltreatment on young victims. TL measurement is now offered to adults as a diagnostic tool to monitor health and predict disease risk. 68 It is conceivable that research may eventually implicate TL measurement in clinical pediatrics. However, extreme caution should be taken as more research is needed to uncover mechanisms that govern TL dynamics. Meanwhile, our findings help to address the basic-science puzzle of how and when childhood stress gets 'under the skin' at the cellular level.
